Adult tapeworms of the genus Echinococcus (family Taeniidae) occur in the small intestines of carnivorous definitive hosts and are transmitted to particular intermediate mammalian hosts, in which they develop as fluid-filled larvae (cysts) in internal organs (usually lung and liver), causing the disease echinococcosis. Echinococcus species are of major medical importance and also cause losses to the meat and livestock industries, mainly due to the condemnation of infected offal. Decisions regarding the treatment and control of echinococcosis rely on the accurate identification of species and population variants (strains).
ribosomal DNA.
M i t o c h o n d r i a l D N A ( m t D N A ) r e g i o n s h a v e b e e n u s e d m o s t c o m m o n l y f o r t h e
identification and delineation of closely related species because of its relatively rapid rate of evolution. This DNA is haploid [31] , thus simplifying sequencing and analysis. Complete or almost complete mtDNA sequences have been determined for a number of taeniid cestodes [32] , and they provide a rich source of genetic markers for systematic and population genetic studies [33] . The mitochondrial genomes of the Echinococcus species sequenced to date (i.e.
E. granulosus, E. canadensis, E. multilocularis, E. oligarthus, E. ortleppi, E. shiquicus and E.
vogeli) are similar in structure to those of Taenia species and/or other metazoans [26, [32] [33] [34] [35] [36] [37] [38] .
They contain 12 protein-coding genes, including adenosine triphosphatase subunit 6 (atp6), cytochrome c oxidase (cox1-cox3 subunits) complexes, and cytochrome b ( cob) and nicotinamide dehydrogenase (subunits nad1-nad6 and nad4L). These genes lack introns and usually abut one another, or are separated by a small number of nucleotides, and are transcribed in the same direction; some gene regions, such as nad4 and nad4L, can overlap slightly. In accordance with most other parasitic worms studied to date [38, 39] , atp8 gene is absent, which contrasts the situation for helminths such as Trichinella and Trichuris species (Enoplea) [40] [41] [42] and other metazoan groups [28, 38] . Two ribosomal RNA genes, the large subunit (rrnL ) a n d s m a l l s u b u n i t ( rrnS ) a r e p r e s e n t a s w e l l a s 2 2 t R N A g e n e s . I n Echinococcus, there are two relatively long non-coding regions (NRs), which are likely to be associated with replication and/or transcription. The mitochondrial markers most commonly utilized for systematic and population genetic studies of cestodes are within the cox1, nad1, cob and rRNA genes [26, 43] . Some of these mitochondrial and/or selected nuclear markers have been employed also in diagnostic assays based on specific enzymatic amplification [44] [45] [46] [47] [48] [49] [50] .
Nuclear ribosomal DNA (rDNA) also provides markers for specific and genotypic identification and characterization. Nuclear rDNA of eukaryotes, including taeniid cestodes,
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represents a large multigene family, consisting of tandemly arrayed sequence repeats (often tens or hundreds), usually found in clusters in specific chromosomes [51] . Through various molecular processes, such rDNA sequences exhibit patterns of "concerted evolution", which usually lead to sequence homogenization that is greater within a species than among species [51] [52] [53] [54] [55] [56] [57] . As a consequence of this evolution, rDNA can provide useful, specific markers for parasites. For instance, internal and external transcribed spacers (ITS and ETS, respectively)
as well as the 28S rRNA gene have been demonstrated to provide useful genetic markers for taeniids and other helminths [26, 28, [58] [59] [60] [61] , applicable to PCR-based systems. Although within some species of helminths, sequence variation in ITS rDNA can be low [28] ,
Echinococcus and other taeniid species tend to exhibit significant length and/or sequence heterogeneity within this region, apparently reflecting intra-isolate, intra-individual or population variation [24, 27, [62] [63] [64] [65] .
Anonymous markers, defined by random amplification of polymorphic DNA (RAPD)
analysis [66, 67] , have been used for the purpose of detecting genetic variation within and among populations of a particular species. These markers, displayed electrophoretically following RAPD, have been employed to infer "genetic" variation within species [68] [69] [70] [71] [72] [73] .
Although RAPD was originally considered a useful approach, because of its ability to amplify from small amounts of genomic DNA and its capacity to rapidly screen genome/s for variation without requiring prior DNA sequence information, there are significant problems with the specificity and reproducibility of RAPD data due to the low stringency often used in PCR [28, 74, 75] . Importantly, the display of bands on agarose or polyacrylamide gels, based on size alone, provides phenetic (rather than genetic) characters; these characters are anonymous, thus limiting the value of such datasets. However, once defined by sequencing, "sequence-characterized amplified region" (SCAR) markers [76] can be used in diagnostic assays following the design of specific oligonucleotide primers for use in PCR.
Also satellite DNA [77, 78] has been used increasingly for studies of genetic variation 7 in and biology of E. granulosus [79] [80] [81] [82] and E. multilocularis [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] . For instance, Knapp et al. [90] described how studies of E. multilocularis, a species considered previously as notorious for its genetic homogeneity [93] , were now possible. These authors [90] explained how rapidly evolving genetic markers, such as microsatellites, are applicable to studying the genetic diversity and structures of parasite populations. In their opinion, the multi-locus microsatellite, designated EmsB (tandemly repeated in the E. multilocularis genome), offers a n o p p o r t u n i t y a s a " m o l e c u l a r t r a c k e r " o f t h e t e m p o r a l a n d s p a t i a l t r a n s m i s s i o n o f
Echinococcus to various hosts. Despite of this optimism, some researchers might caution the use of satellite analyses in the absence of definitive genomic sequence data.
PCR-coupled restriction fragment length polymorphism (PCR-RFLP) analysis has also been used for the genetic identification and/or classification of strains of E. granulosus. [24] were the first authors to rapidly and reliably identify and delineate species and genotypes of Echinococcus by PCR-RFLP analysis of the first internal transcribed spacer (ITS-1) of nuclear rDNA. These and other authors [22, 24, 27, 63, 65, 73, extended the use of this method, utilizing various nuclear and mitochondrial genetic markers, to address various questions regarding the taxonomy, ecology and epidemiology of Echinococcus species [9, 26, 37, [119] [120] [121] [122] . In spite of its utility, because the endonuclease/s employed only recognize a small number of potentially variable sites in DNA, RFLP analysis might not detect all of the sequence variation within amplicons [28, 123] . Therefore, direct DNA sequencing, together with comparative analyses of sequence data, remains the "goldstandard" for detecting and defining genetic variation, and can be applied to single-copy or multi-copy genes (provided that there is no significant sequence/length heterogeneity among paralogues).
Bowles and McManus
DNA sequence data have added major value to comparative genetic investigations, due to the availability of information for a wide range of genes in public databases, such as in the direct sequencing of some "complex" DNA regions. If there is genetic heterogeneity or polymorphism within an isolate (e.g., among pooled protoscoleces from a cyst), such as can be the case for the first (ITS-1) or second (ITS-2) ITS regions [64, 124] , it may not be possible to determine an unambiguous sequence from an amplicon. Moreover, the direct sequencing of large numbers of samples might be time-consuming and costly for some parasitology laboratories and often requires bioinformatic analysis. Efficient, high-resolution analysis of large numbers of amplicons can be achieved utilizing mutation detection methods. 9 of Echinococcus species; and (iii) evaluating levels of sequence variation within a family of genes encoding Antigen B (designated AgB) ( Table 3) .
Classifying genotypes and studying genetic/evolutionary relationships
Some recent studies [122, 129, 130] employed mutation scanning-targeted sequencingphylogenetic analyses to classify different genotypes of E. granulosus from various intermediate host species from different geographical regions (cf. Table 3 ). For example, Jabbar et al. [122] used non-isotopic SSCP-based analysis to genetically classify E.
granulosus cysts from humans from Mongolia using mitochondrial DNA regions, designated pcox-1 and pnad-1, within the mitochondrial cytochrome c oxidase subunit 1 (cox-1) and NADH dehydrogenase subunit 1 (nad-1) genes, respectively. SSCP analysis of pcox-1 and pnad-1 amplicons produced from genomic DNA samples from individual E. granulosus cysts (n = 50) from individual humans displayed four distinct electrophoretic profiles for each pcox-1 and pnad-1. Direct sequencing of selected amplicons representing each of these profiles also defined four distinct sequence types for each locus, present in four different combinations (designated as haplotypes M1-M4) amongst all 50 cyst isolates. Phylogenetic analysis of concatenated sequence data for these four haplotypes, including well-defined reference sequences, inferred that 68% of cyst isolates belonged to the G1-G3 complex of E.
granulosus (or E. granulosus sensu stricto), whereas the remaining (32%) were linked to the G6-G10 complex (or E. canadensis) (cf. Table 2 ). Humans infected with E. granulosus cysts of the G1-G3 complex originated mainly from the eastern part of Mongolia, whereas those harbouring cysts of the G6-G10 complex were linked to the western region of this country.
This study provided a first glimpse of the genetic composition of E. granulosus from humans in Mongolia, and formed a basis for future studies of the epidemiology and ecology of the parasite(s) in animals and humans in this country.
Some investigations [122, 129, 130] In spite of significant advances [9, 10, 26, 37, 121] , there is still relatively limited detailed information on the population genetic structures of E. granulosus and related species for many countries around the world [143, 144] .
A key aspect warranting detailed, future investigation is the re-testing of hypotheses regarding evolutionary relationships of species and genotypes of Echinococcus (Tables 1 and   2 and that E. granulosus is a complex of at least 10 genotypes. Specifically, genotypes G1-G10
represent E. granulosus sensu lato, but there is some debate as to the specific status of members within the G1-G10 complex. Currently, the proposal is that genotypes G1-G3
represent E. granulosus sensu stricto, and that genotypes G4, G5 and G6-G10 represent E.
equinus, E. ortleppi and E. canadensis, respectively [10, 37, 145] . Nonetheless, there is still considerable controversy [121] as to the specific status of genotype G5. Although genotype G2 was originally suggested to be distinct from genotypes G1 and G3 [21, 37] , recent molecular studies [10, 122, 129, 130] indicate that G2 is embedded within the G1-G3 complex (i.e. E. granulosus sensu stricto). Moreover, although genotype G9 was recorded [29] , its validity needs to be confirmed [146] . In addition to these issues, Saarma et al. [147] presented a novel phylogenetic tree for Echinococcus, based on nuclear gene sequences from published studies [11, 148] . When compared with analyses of mitochondrial gene data [37] , these authors [147] observed a translocation of E. multilocularis and E. shiquicus into basal nodes in their tree. This difference in tree topology emphasizes the need to use an extensive range of both mitochondrial and nuclear markers for future phylogenetic reconstructions, preferably following large-scale mutation scanning analyses of Echinococcus populations.
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Assessing breeding systems
Haag et al. [93, 94] employed a PCR-coupled SSCP approach to assess sequence variation in six genetic loci to evaluate the breeding systems of E. granulosus, E. multilocularis and E.
vogeli (Table 3) . In an extensive analysis of 110 larval isolates from various host species (sheep, cattle, pig and horse) and geographical regions (Australia, Europe and southern Brazil), the authors identified four genotypes of E. granulosus. While the genotypes infecting horses (G4) and pigs (G7) were genetically homogeneous, the genotypes in sheep (G1) and cattle (G5) displayed sequence polymorphisms in one (Ag4) and two (Ag4 and Ag6) loci, respectively Based on these findings, the authors concluded that there was a clear genetic differentiation among genotypes, but not within genotypes, suggesting that reproduction was largely through 'self-fertilization'. Nonetheless, in some cases, mixed sequence types were detected for some nuclear loci, and the authors suggested that hybrid genotypes might occur in E. granulosus from cattle and sheep in southern Brazil, but not from other geographical areas [119] .
Assessing sequence variation within a gene family
Mutation scanning and targeted DNA sequencing have been utilized to assess levels of sequence variation within the gene family encoding AgB of E. granulosus [137] [138] [139] (see Table 3 ). For instance, Chemale et al. [137] employed SSCP for the analysis of amplicons from 100 recombinant clones representing cDNAs and genomic DNAs encoding AgB; these authors detected different SSCP profiles among all amplicons representing the 150 amplicons and sequenced three independent clones for each profile. While no sequence heterogeneity was detected among the three independent clones representing each profile, variation of 1-35% was recorded among the sequences representing each of the three profiles. This study showed excellent mutation detection capacity of SSCP, and promise for analyses of complex gene families. 13 regions containing sequence and length variation; also, the time and cost involved in performing this method appear to be similar to direct, automated sequencing.
There is prospect for the application of PCR-coupled high-resolution melting-curve (HRM) analysis as a mutation scanning tool, depending on nucleotide composition and size of amplicons [158] . PCR-coupled SSCP has proved to be practical, sensitive, specific and reproducible [126] . Provided that the method follows a standardized protocol (thus achieving a high mutation detection rate) and that results are interpreted carefully, SSCP has major analytical capacity and, together with selective sequencing and phylogenetic analyses of sequence data,
i s p e r f e c t l y s u i t e d t o i n v e s t i g a t i o n s o f t h e p o p u l a t i o n g e n e t i c s a n d e p i d e m i o l o g y o f
Echinococcus, if careful consideration is given to sampling procedures and genetic markers [28, 163] . This tool also represents a platform for tackling diagnostic problems. For instance, it could be readily used to support the specific and genotypic diagnosis of echinococcosis in
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www.electrophoresis-journal.com Page 14 Electrophoresis 14 humans following the surgical removal of cysts or cyst content (i.e. protoscoleces or germinal layer), which could guide decisions regarding the treatment and management of the disease.
Enhanced techniques for the isolation and specific enzymatic amplification of genetic loci from genomic DNA from tissue, faecal or environmental samples will assist biological, epidemiological and ecological studies. However, there is no universal solution to challenges associated with the isolation of minute amounts of parasite DNA from such samples and the removal of inhibitory substances, such that techniques need to be assessed and optimized in each case. Furthermore, a broad range of genetic markers ( 450 bp) can be utilized in in SSCP in both the analytical and diagnostic settings. Depending on levels of intra-and interspecific nucleotide variation for particular markers, pre-screening by mutation scanning can substantially decrease (often by 75-90%) the number of samples required for sequencing and the time required for bioinformatic analyses of sequence data. Importantly, SSCP analysis can display multiple sequence types within a single sample [164] and has the capacity to detect 'mixed' sequence types (e.g., in the case of nuclear markers), 'mixed' infections (consisting of multiple species or genotypes) or extraneous/erroneous contamination, which are often difficult to achieve using other genetic techniques. Therefore, in our opinion, the integrated PCR-based mutation scanning -targeted sequencing -phylogenetic approach represents a practical, 'powerful' and cost-effective tool for large-scale studies of genetic variation within
Echinococcus at both the specific and genotypic levels, using a range of markers.
Concluding remarks -opportunities through large-scale high throughput sequencing of genomes
Many markers in the nuclear genomes of most taeniid cestodes still remain to be discovered.
High throughput sequencing technologies, such Illumina-Solexa (www.illumina.com; [165] ), provide unique opportunities for the high-throughput genomic explorations of parasites [166- 168 ]. Thus far, these technologies have been employed in a range of contexts, such as wholegenome sequencing, re-sequencing and transcriptomic profiling [169] [170] [171] [172] [173] [174] . Although they are now having substantial impact in many biological and biomedical areas, these technologies
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have not yet been applied widely to parasites, largely because of the purchase, running and maintenance costs of the sequencing and computer infrastructure required, and limited research funds available in many parasitology laboratories. Nonetheless, some smaller laboratories are now undertaking transcriptomic and genomic exploration of parasites using massively parallel sequencing technology, also to underpin the direct nuclear genomic sequencing of parasitic helminths (e.g., [39, 168, 171, 172, 175] ). In the future, massively parallel sequencing technologies will make it possible to directly characterize large numbers of individual specimens or isolates of Echinococcus from small amounts of material by their complete mitochondrial and/or nuclear genome sequences, as is currently being conducted for humans on a massive scale [169, 170, [176] [177] [178] . For instance, the long-range PCR-coupled sequencing, recently established for nematodes [38, 39, 179, 180] , could be adapted to the high throughput sequencing and annotation of mitochondrial genomes of Echinococcus species; this technology is within reach, in terms of cost. Moreover, both mitochondrial and nuclear genomes can now be sequenced simultaneously and directly using massively parallel sequencing, such as Illumina.
Recently, a consortium of laboratories has now sequenced the genomes of E. granulosus Echinococcus, as basis for addressing the controversies surrounding their genetic relationships. Comparative analyses of such genome sequences will also enable the rational selection of genes (possibly hundreds or thousands, displaying suitable levels of nucleotide variation within Echinococcus species for the particular task at hand), which could be used in population genetic studies for SNP detection by mutation scanning. Moreover, the proteins predicted from core genes (using the algorithmic pipeline GEGMA; ref. [185] ) in these genomes could be compared for levels of genetic variation, and then concatenated and subjected to phylogenetic analyses to re-test hypotheses regarding the evolutionary relationships of Echinococcus species and genotypes. It is also expected that next-generation technologies will impact through large-scale studies of the epidemiology and ecology of Echinococcus species. Such fundamental studies will not only provide valuable insights into the parasites' biology, they should also elucidate patterns of disease transmission, thus supporting the prevention and control of echinococcosis. 
